Wnts are a family of secreted proteins that regulate multiple steps of neural development and stem cell differentiation. 
Wnts are a family of secreted proteins that regulate multiple steps of neural development and stem cell differentiation. Two of them, Wnt1 and Wnt5a, activate distinct branches of Wnt signaling and individually regulate different aspects of midbrain dopaminergic (DA) neuron development. However, several of their functions and interactions remain to be elucidated. Here, we report that loss of Wnt1 results in loss of Lmx1a and Ngn2 expression, as well as agenesis of DA neurons in the midbrain floor plate. Remarkably, a few ectopic DA neurons still emerge in the basal plate of Wnt1 
;Wnt5a
−/− mice revealed a greater loss of Nurr1 + cells and DA neurons than in single mutants, indicating that Wnt1 and Wnt5a interact genetically and cooperate to promote midbrain DA neuron development in vivo. Our results unravel a functional interaction between Wnt1 and Wnt5a resulting in enhanced DA neurogenesis. Taking advantage of these findings, we have developed an application of Wnts to improve the generation of midbrain DA neurons from neural and embryonic stem cells. We thus show that coordinated Wnt actions promote DA neuron development in vivo and in stem cells and suggest that coordinated Wnt administration can be used to improve DA differentiation of stem cells and the development of stem cell-based therapies for Parkinson's disease.
W nts are a large family of lipid-modified glycoproteins that are evolutionarily conserved and serve multiple functions in development, tissue homeostasis, and disease (1) (2) (3) . These proteins work as ligands that bind to and activate a growing number of membrane-bound receptors that in turn activate numerous signaling pathways, including Wnt/β-catenin, Wnt/planar cell polarity (PCP)/small GTPase, and Wnt/Ca 2+ pathways (4) (5) (6) . By activating several of these pathways, Wnts control a wide variety of essential functions in diverse tissues, including the nervous system. For example, Wnts are known to control neural patterning, morphogenesis, polarity, proliferation, differentiation, survival, neuritogenesis, axonogenesis, and synaptogenesis (3, (7) (8) (9) (10) (11) (12) .
Several Wnts and their signaling components are expressed in the developing ventral midbrain (VM) (13) (14) (15) . These include Wnt1, Wnt2, and Wnt3a, which activate the Wnt/β-catenin pathway (14, 16) , and Wnt5a, which activates the Wnt/Rac1 pathway in dopaminergic (DA) cells (17) . Wnt1-knockout mice show a partial segmental deletion of the midbrain and hindbrain regions (18, 19) resulting from multiple sequential defects, including altered Otx2 and Pitx3 expression, reduced progenitor proliferation, and death of midbrain DA neurons (18) (19) (20) (21) (22) . This phenotype is in stark contrast with the phenotype of the Wnt5a −/− mice, in which progenitor proliferation is enhanced, Nurr1 + precursors are in excess, and a nearly normal number of tyrosine hydroxylase-positive (TH + ) cells are mispositioned by a convergent extension defect [lateral expansion and anterior-posterior (A-P) shortening of the VM] (17) . Similarly, in vitro studies have shown that Wnt1 activates Wnt/β-catenin signaling and regulates the expression of Lmx1a and Otx2 in mouse ES cells (23) and acts on DA progenitors to promote proliferation and (to a lesser extent) DA differentiation (14, 24, 25) . In contrast, Wnt5a, a Wnt that activates Wnt/Rac1 signaling in DA cells, promotes VM morphogenesis and DA differentiation (17, 26) . We, and others, have shown that canonical Wnts such as Wnt1 or Wnt3a activate Wnt/β-catenin signaling and promote midbrain DA neurogenesis both in vitro (24, 27, 28) , and in vivo (29, 30) , in part by negatively regulating Sonic hedgehog (Shh) in the midbrain floor plate (FP) (30) (31) (32) . However, it also has been reported that an excess of Wnt/β-catenin signaling leads to a defect in the differentiation of Nurr1 + DA neuroblasts and a decrease in the number of midbrain DA neurons (32) . These results indicate that the level of Wnt/β-catenin signaling is critical in regulating DA neuron development. Surprisingly, the defect generated by overactivation of Wnt/β-catenin signaling is not rescued by administration of Shh but instead is rescued by Wnt5a (32) . These data led us to hypothesize that Wnt/β-catenin signaling may need to be in balance with Wnt5a, at least during DA precursor differentiation. To test this hypothesis, we examined whether Wnt1 and Wnt5a interact genetically and compete functionally or cooperate to generate midbrain DA neurons in vivo. Our analysis of Wnt1 −/− ;Wnt5a −/− mice revealed, first, that Wnt1 is the Wnt required for midbrain DA specification and neurogenesis and, second, that Wnt1 and Wnt5a interact genetically and cooperate to promote midbrain DA neurogenesis in vivo. Based on these findings, we developed a Wnt protocol that improves the DA differentiation of both neural and ES cells.
We suggest that differentiation protocols incorporating critical aspects of both Wnt/β-catenin-dependent and -independent pathways can contribute to current efforts to develop stem cellbased therapies for Parkinson's disease.
Results
Wnt1 Is Required for DA Neurogenesis and to Specify the Midbrain FP as a Neurogenic Region. Recent reports have indicated that Wnt/ β-catenin signaling is required for midbrain DA neurogenesis (30, 31) , but it is not known which of the multiple canonical Wnts expressed in the VM (13) (14) (15) is/are required for DA neurogenesis. In our study we focused on Wnt1 because Wnt1 −/− mice, unlike Wnt2 −/− mice, for instance (16) , show a strong sequential midbrain and DA neuron phenotype (18) (19) (20) (21) (22) . Because DA neurons are born in the midbrain FP, we first examined the expression of the FP and basal plate (BP) markers, Shh and the Shh-target gene, Foxa2, both of which are required for DA neuron development (31, (33) (34) (35) . In situ hybridization (ISH) revealed that the expression patterns of Shh and Foxa2 were delayed, as previously described in β-catenin −/− mice (31) . Indeed, we found a delay in the lateral expansion of the Shh and Foxa2 expression domains (Fig. 1A , asterisks) and in the downregulation of Shh in the FP (Fig. 1A, arrow) , as well as weaker levels of Foxa2 in Wnt1 −/− mice at embryonic day (E) 11.5 ( Fig.  1A) . Surprisingly, no TH + DA neurons were present in the FP of Wnt1 −/− mice at E12, and only a few DA neurons arose in an ectopic lateral position in the Foxa2 + BP, which at this stage showed normal Foxa2 protein levels (Fig. 1B) . Moreover, Lmx1a, a Lim homeobox transcription factor required for the specification of DA neurons (36) , was also absent from the FP and was ectopically expressed in the BP of Wnt1 −/− mice at E11.5 (Fig. 1C) . Previous in vitro experiments have indicated that β-catenin regulates Lmx1a via an auto-regulatory loop (23) and that deletion of β-catenin results in ectopic expression of Lmx1a in vivo (30) . Because Wnt1 activates Wnt/β-catenin signaling, our results indicate that it is Wnt1 that regulates the expression levels and position of Lmx1a in vivo. Interestingly, examination of the lateral Lmx1a + BP region revealed that it is the site where the few midbrain DA neurons are present in Wnt1 −/− mice (Fig. 1C) . We therefore asked whether the lateral displacement of Lmx1a + and TH + cells results from an inversion of the BP and FP domains and examined the expression and distribution of Nkx6.1, which normally is expressed in the BP and alar plate of the midbrain (33, 37) . Although a partial reduction in the number of Nkx6.1 + cells was detected at E11.5 and E12.5 ( Fig. S1A ), Nkx6.1 + cells were found laterally, in the correct position. Similarly, the expression pattern of Wnt5a in the medial and basal plates of the VM was not disrupted in Wnt1 −/− mice at E11.5 (Fig. S1B ). These results, together with the medial expression of Shh and Foxa2 (Fig. 1A) , indicated that the midbrain FP and BP domains were not inverted in Wnt1 −/− mice but that gene expression in these compartments is altered.
Because the midbrain FP contained no Lmx1a + or TH + cells, we then asked whether overall neurogenesis was impaired and examined the expression of proneural genes in the VM FP of Wnt1 −/− mice at E11.5. We have shown previously that Ngn2 is required for DA neuron development and can be partially replaced by Mash1 (38) . Interestingly, the expression of both Ngn2 and Mash1 was abolished in the midbrain FP, and Ngn2 expression increased in the dorsal midbrain and particularly in the BP of Wnt1 −/− mice (Fig. 1D) . These results suggested that Wnt1 controls neurogenesis in the midbrain and led us to examine whether any neurons are found in the FP of Wnt1 −/− mice. Staining with Topro3 (a nuclear marker) first revealed that the WT midbrain FP consisted of nearly 20 cell diameters in the midline (in ventricular, intermediate, and marginal zones) at E12.5, whereas only about five cell diameters (in the ventricular zone) were found in Wnt1 −/− mice (Fig. 1E) . Staining for Tuj1, a pan-neuronal marker, and Topro3, a nuclear marker, revealed no double Tuj + /Topro + cell bodies in the FP, indicating that the FP region of Wnt1 −/− mice contains no newborn neurons and that only commissural Tuj1 + fibers are present (Fig. 1E ). Moreover, no Nurr1 + DA neuroblasts were detected in the FP. In fact, the only cell bodies found in the FP of Wnt1 −/− mice were those of Sox2 + ventricular zone neuroepithelial cells (Fig. 1F ) and Glast + radial glia (22) . Interestingly, a reduced number of Nurr1 + DA neuroblasts also were found in an ectopic lateral position in the BP (Fig. 1F) −/− mice displayed the typical flattening of the midbrain FP region and a shortening of the A-P axis (17, 39) , which was very obvious in the tail region at E10.5 ( Fig. 2A) . Interestingly, Wnt1 −/− Wnt5a −/− compound knockouts resembled a combination of the two phenotypes and showed exacerbated caudal phenotypes, a shortened and truncated midbrain, and a flattening of the FP region ( Fig. 2 A and B) .
We then performed a detailed analysis of the VM, starting by examining the proliferation of VM progenitors in Wnt1/Wnt5a double -mutant mice. Previous studies have indicated that deletion of Wnt1 reduces (22) but deletion of Wnt5a increases (17) progenitor proliferation in the midbrain FP. However, it is not known whether these two Wnts interact to regulate proliferation in vivo. Although no difference in phospho-histone 3 (PH3) staining (for cells in M-phase) was detected in the BP of Wnt1 
;Wnt5a
−/− mice, significant and specific changes were detected in the FP. Indeed, deletion of Wnt5a in Wnt1 −/− ; Wnt5a −/− mice rescued the Wnt1 −/− FP loss of PH3 + cells by 40% and increased PH3 by 2.5-fold, compared with Wnt1 −/− mice ( Fig. 2 B and C) . This increase was much more pronounced than the 20% increase in mitotic cells in Wnt5a −/− single-mutant mice (17) . Thus, our results indicate that Wnt5a serves a stronger proliferative role in the absence of endogenous Wnt1 and that Wnt1 and Wnt5a interact in an antagonistic manner to regulate proliferation in vivo. We then asked whether this partial rescue of proliferation leads to an increase in the number of Nurr1 mice. We have shown previously that the loss of Wnt5a does not decrease the number of DA neurons (17) , whereas others have shown that deletion of Wnt1 dramatically decreases the number of DA neurons (22) . Here, we found that deletion of Wnt5a in Wnt1 −/− mice led to a nearly complete loss of TH + cells at E12.5 ( Fig. 2 E and F, Lower), indicating that, as in the case of Nurr1, Wnt5a worsens the Wnt1 phenotype and cooperates positively with Wnt1 to regulate DA neurogenesis. Moreover, although Nurr1 + , TH + , or Lmx1a + cells always were found in the midbrain FP of WT mice, none of them were present in the FP of
Combined, these data show that Wnt1 and Wnt5a interact genetically in a complex manner resulting in both antagonistic and synergistic functions in the developing VM, as shown by the opposing regulation of proliferation and the cooperative regulation of DA neurogenesis by Wnt1 and Wnt5a.
The phenotype described above showed that deletion of Wnt5a aggravates the neurogenesis phenotype of Wnt1 −/− mice. Therefore we next decided to examine whether the opposite also is true, i.e., whether deletion of Wnt1 worsens typical Wnt5a −/− phenotypes such as morphogenesis defects caused by alterations in convergent extension. We previously have reported that deletion of Wnt5a leads to a broadening of the ventricular cavity at the midbrain level that results in a flattening of the ventricular hinge point of the VM (17). Here we found that deletion of Wnt1 leads to the opposite phenotype, an elongation of the ventricular cavity and of the VM hinge point. Interestingly, compound Wnt1 −/− ;Wnt5a −/− mutants showed a Wnt5a −/− -like phenotype, with a severe broadening of the ventricular cavity and flattening of the VM hinge point (Fig. 2F , arrows). We next examined whether other Wnt5a morphogenesis phenotypes, such as the 15% reduction in the A-P length of the TH + domain (17) , were modified in Wnt1 −/− ;Wnt5a −/− mice. Surprisingly, we found that the A-P distribution of the TH + midbrain DA domain, which was shortened by 55% in Wnt1 −/− mice ( Fig. 2G ), was reduced further by 85% in Wnt1
Moreover, when the mediolateral and dorsoventral axes were examined, TH + cells occupied more lateral and dorsal positions in the Wnt1 −/− ;Wnt5a −/− mice than in either of the single mutants (arrowheads in Fig. 2F ). Thus, our data show that the combined deletion of Wnt1 and Wnt5a results in a greater alteration of convergent extension (shorter A-P domain as well as lateral and ventral DA cell distribution), indicating that Wnt1 cooperates positively with Wnt5a in regulating morphogenetic movements in the midbrain.
In sum, our results show a complex interaction between Wnt5a and Wnt1 in which the function of Wnt5a in morphogenesis is potentiated by Wnt1, and the function of Wnt1 in neurogenesis, but not in proliferation, is potentiated by Wnt5a. We thus decided to examine whether combined administration of Wnt proteins to stem cells, at the right time point of differentiation and in the correct sequence, could be used to improve current protocols for the DA differentiation of both neural stem cells and ES cells.
Wnts Cooperate to Improve DA Neuron Development in Neural Stem Cells. Wnt1 overexpression or Wnt1-conditioned media have been used previously to activate Wnt/β-catenin signaling (40) (41) (42) and to promote DA differentiation of midbrain progenitors (14) or mouse ES (mES) cells (23) . However, to date, it has not been possible to obtain pure Wnt1 protein capable of activating Wnt/ β-catenin signaling. Indeed, Wnt1 protein (purified by us or commercially available) did not activate Wnt/β-catenin signaling, as assessed by diverse assays such as Lrp6 phosphorylation, dephosphorylation of β-catenin, or activation of the TOPFLASH reporter in DA cells (Fig. S3 ). This lack of activation is in contrast with other purified Wnt proteins such as Wnt3a or Wnt5a, which have been shown to activate Wnt signaling and to exert biologically relevant activities (26, 43) . Given the current unavailability of purified active Wnt1 protein for our experiments, we turned our attention to Wnt3a, a protein capable of activating Wnt/β-catenin signaling in DA cells (Fig. S3 ) (14) . We thus examined whether it was possible to substitute Wnt1 for Wnt3a as a source of Wnt/β-catenin activation in our stem cell-differentiation protocols. We started by devising a three-step protocol to treat midbrain progenitor/neural stem cells, expanded as neurospheres (Fig. 3A) , in which we first used Wnt3a for 3 d to promote progenitor proliferation and specification, followed by 3 d without Wnts to eliminate all remaining Wnt3a, and finally 3 d with Wnt5a to activate the Wnt/PCP/Rac1 pathway, promote progenitor cell-cycle exit, and direct Nurr1 + precursor differentiation into TH + DA neurons (17) . Although treatment with Wnt3a alone at the indicated time point (Fig. 3A) increased the number of TuJ1 + neurons, Wnt5a alone or Wnt3a and Wnt5a did not affect the number of neurons in the culture (Fig. 3 B, *P < 0.05, **P < 0.01, ***P < 0.001.
Top, and C), as expected from the antiproliferative effect of Wnt5a that we report. We then examined the proportion of TH + cells in the cultures and found that only the sequential Wnt3a and Wnt5a treatment induced a significant increase in the number of TH + cells (Fig. 3B , Middle, and D), also as expected from their sequential effects on progenitor expansion and DA differentiation. Interestingly, when the proportion of DA neurons per Tuj1-stained area was examined, Wnt3a had no significant effect, Wnt5a showed a small increase, and sequential administration of Wnt3a and Wnt5a increased the proportion of DA neurons by 2.5-fold compared with Wnt3a (Fig. 3B , Bottom, and E). Thus, our results show that when Wnt signals are combined sequentially to increase progenitor proliferation (Wnt3a), and then differentiation (Wnt5a), the percentage of DA neurons derived from midbrain neural stem cell cultures increases significantly. Therefore we next examined whether this sequential Wnt protocol also could improve the DA differentiation of mES cells.
Wnt3a and Wnt5a Cooperate to Improve DA Neuron Development in ES Cell Cultures. To adapt the Wnt treatment protocol from neurospheres to mES cell cultures, we shortened each of the three steps (Wnt3a/no Wnt/Wnt5a) from 3 d to 2 d (Fig. 4A) . These three steps were performed between days 7-13, after the neural-induction step with Noggin on days 1-5 and the first Fgf8/ Shh-patterning step on days 5-7 and continued during days 7-13. A final standard differentiation step was included to enhance the maturation of DA neurons on days 13-15/16. As observed with neural stem cells, treatment of mES cells with Wnt3a had no effect on the number of TH + cells in the cultures. Although Wnt5a was not as efficacious as in ES cultures treated for longer time (14, 17, 26, 44) , sequential administration of Wnt3a followed by Wnt5a led to a very significant (60%) increase in the percentage of TH + cells compared with control or Wnt3a alone (Fig. 4 B and C) . Additionally, sequential Wnt3a and Wnt5a treatment also increased by 80% the proportion of TuJ1 + neurons that became TH + (Fig.  4D) . Finally, we examined whether such TH + cells acquired the expression of appropriate midbrain DA markers such as Foxa2, Lmx1a, Pitx3, and Nurr1 (Fig. 4E) . Importantly, sequential Wnt treatment increased the proportion of TH + cells expressing Foxa2 by 55%, Lmx1a by 29%, Pitx3 by 31%, and Nurr1 by 14% (Fig. 4  F-I) . Thus, our results indicate that, by improving our understanding of the basic mechanisms by which Wnts operate during normal midbrain development, it is possible to improve current protocols for the DA differentiation of neural or ES cells.
Discussion
In this study we provide evidence that Wnt1 and Wnt5a cooperate at multiple levels, with both synergistic and antagonistic actions, to orchestrate the development of midbrain DA neurons. Earlier studies have shown a role for Wnt1 in the specification of the DA domain by regulating the expression of Otx2 and Nkx2.2 (22). However, it was not known whether Wnt1 regulates the expression and function of critical factors required for DA neuron specification, such as Lmx1a (36) initially assigned to the Wnt/β-catenin pathway, such as the Lrp6 coreceptor, can contribute to convergent extension and Wnt/ PCP signaling (45, 46) . Thus, multiple mechanisms could account for the interaction between these two pathways. In our study, we found that deletion of Wnt1 worsened all typical Wnt/PCP morphogenesis phenotypes found in Wnt5a −/− mice: increased mediolateral and dorsoventral distribution of DA neurons in the VM, and severe A-P shortening of the TH + domain. These data indicated that Wnt1 cooperates with Wnt5a to regulate Wnt5a/PCPdependent functions in the developing VM. We also found that deletion of Wnt5a worsened Wnt1 −/− phenotypes, such as the decrease in DA neurogenesis and differentiation, as shown by a greater decrease in both Nurr1 + and TH + cells in vivo. This result also was unexpected, because deletion of Wnt5a partially rescues the proliferation defect in Wnt1 −/− mice (this study) and increases the number of Nurr1 + cells (17) . Thus, the analysis of Wnt1 −/− Wnt5a −/− mice uncovered two cooperative functions of Wnt1 and Wnt5a, whereby Wnt1 contributes to Wnt5a-dependent morphogenesis and Wnt5a contributes to Wnt1-dependent neurogenesis.
Shh and Fgf8 have been described previously as being expressed at the cross-section between the FP and isthmus and have been demonstrated to regulate the development of VM DA neurons in a coordinated manner (47, 48) and to promote the differentiation of stem cells into midbrain DA neurons (28, 32, 44, (49) (50) (51) . Similarly, Wnt1 and Wnt5a are coexpressed and intersect in defined spatial and temporal patterns in the developing midbrain: Wnt1 is expressed in the midbrain as early as E8 (52) and is found in two lateral bands flanking the FP from E10.5-12.5 (22) , and Wnt5a is expressed in the VM, including the FP, from E9.5-13.5 (17) . In this context, our study showing that Wnt1 and Wnt5a cooperate to promote DA neuron development provides the in vivo functional basis for the molecular intersection between Wnt1/β-catenin signaling and Wnt5a/PCP signaling. These findings led us to propose that intersections between Wnts, Shh, and Fgf8, are key elements of the molecular morphogen logic that controls the development of midbrain DA neurons. This concept was tested further and verified in stem cell cultures, where we found that the combined administration of these factors improved the DA differentiation of neural stem and ES cells. In our protocol, in addition to Shh and Fgf8b, we used Wnt3a to activate Wnt/β-catenin signaling, followed by Wnt5a to activate Wnt/PCP signaling. Previous data in the literature have shown that Wnt3a promotes proliferation of neural stem cells and DA progenitors (14, 53) and that activation of Wnt/β-catenin signaling with GSK3β inhibitors enhances DA neurogenesis in DA progenitors (24) , mES cells (32) , and human ES cells (28) . In addition, Wnt5a treatment has been found to inhibit proliferation and to promote DA differentiation of rodent neural and ES cells (14, 17, 26, 44) . To date, however, a combined treatment providing adequate temporal activation of both pathways has not been developed. Our results show that appropriate temporal and sequential administration of Wnts successfully improves the DA differentiation of VM neural stem cells, grown as neurospheres, and of ES cells. Sequential Wnt3a and Wnt5a treatment increased the percentage of TH + neurons in midbrain neurosphere cultures. We also found that sequential Wnt treatment increased the number of ES cells that differentiate into TH + cells and acquire expression of transcription factors critical for midbrain DA neuron development, such as Foxa2, Lmx1a, Pitx3, and Nurr1. These results confirmed that sequential Wnt3a and Wnt5a treatment promoted DA differentiation and the acquisition of a true midbrain DA neuron phenotype. Thus, our data suggest that it is possible to replace Wnt1 by Wnt3a, at least partially, to activate β-catenin signaling and promote DA progenitor proliferation. Future availability of purified and active Wnt1 protein will allow testing to determine whether Wnt1 protein may offer additional improvements in DA differentiation protocols, as compared with Wnt3a.
The positive results obtained with neural and ES cells support the idea that Wnt proteins could be used for therapeutic purposes, as previously suggested for hematopoietic stem cells (43) . In the case of DA neurons, the main therapeutic target would be Parkinson's disease, a neurodegenerative disorder resulting in the demise of adult midbrain DA neurons. The implementation of protocols such as the one described here for the generation of midbrain DA neurons from stem cells thus may be useful for cellreplacement therapy (54, 55) and in assays for drug discovery, taking advantage of either human ES cells or patient-derived induced pluripotent stem cells (56) (57) (58) .
In sum, our study identifies a genetic interaction between Wnt1 and Wnt5a, that controls different stages of midbrain DA neuron development in an antagonistic or cooperative manner. Although Wnt1 and Wnt5a competed to promote or inhibit DA progenitor proliferation, respectively, Wnt1 cooperated with Wnt5a in regulating morphogenesis, and Wnt5a collaborated with Wnt1 to promote DA neurogenesis. Importantly, these concepts allowed us to improve current protocols for the DA differentiation of stem cells, opening the door for the development of novel therapies for Parkinson's disease.
Materials and Methods
Animals, Immunohistochemistry, and ISH.
Wnt11
−/− (59), and CD1 mice (Charles River) were housed, bred, and treated in accordance with protocols approved by the local ethics committees (Stockholm's Norra Djurförsöketiska Nämnd N154/06, N135/08, N145/09, and N273/11). All mutant mice were kept on a C57bl/6 background. Wnt1 +/− mice were bred with Wnt5a +/− mice to generate Wnt1
were obtained at the expected Mendelian proportions (expected = 25%, actual = 24.86%, n = 185). For embryo analyses, heterozygous mice of the relevant genotype were mated overnight, and noon of the day the plug was considered E0.5. Embryos were dissected out of the uterine horns in ice-cold PBS, fixed in 4% (wt/wt) paraformaldehyde (PFA) for 4 h to overnight, cryoprotected in 20-30% sucrose, and frozen in Tissue-Tek Optimum Cutting Temperature (OCT) compound (Sakura Fine-Tek) on dry ice. Serial coronal 14-μm sections of the brain were obtained on a cryostat. Immunohistochemistry and ISH were carried out as previously described (14) . Probes and antibodies are described below. Immunohistochemistry and ISH were visualized with a Zeiss HBO100 microscope or Zeiss LSM 510 Confocal Microscope, collected with a C4742-95 Hamamatsu camera, and processed with OpenLab software (PerkinElmer), Photoshop (Adobe), and/or ImageJ (http:// imagej.nih.gov/ij/). Figures were assembled in Illustrator (Adobe).
Antibodies and Probes. The RNA probes for Shh (60), Foxa2 (17), and Ngn2 and Mash1 (38) have been described previously. Rabbit anti-Nurr1 (Nr4a2) (1:1,000; Santa Cruz Biotechnology), rabbit anti-TH (1:500-2000; Pel-Freeze), rabbit anti-phospho-histone3 (1:400; Cell Signaling), mouse anti-β III tubulin (1:1,000-1:2,000; Promega), anti-Foxa2 [1:20; 4C7; Developmental Studies Hybridoma Bank (DSHB)], anti-Nkx6.1 (F55A10; DSHB), anti-Lmx1a (1:1,000; gift from Mike German, University of California, San Francisco, CA), anti-Sox2 (1:500; Millipore), anti-Wnt5a (1:250; R&D Systems), and Cy2-, Cy3-, or Rhodamine-coupled secondary antibodies (1:250; Jackson ImmunoResearch) were used. Some sections or cells were counterstained with DAPI (500 ng/mL) (Sigma), Topro3 (Invitrogen), or Alexa 488 phalloidin (Molecular Probes, Invitrogen). Statistical Analyses in Knockout Mice. Statistical analysis was performed with GraphPad Prism. Differences between knockout animals or culture conditions were analyzed using ANOVA, with Bonferroni's post hoc test. Significant differences were assumed at *P < 0.05, **P < 0.01, and ***P < 0.001. GraphPad Prism (GraphPad Software) was used for statistical analyses.
Quantification of TH
Neurosphere Cultures. Mouse E11.5 ventral midbrain tissue was dissected out in ice-cold PBS/0.2% glucose. The tissue was dissociated in N2 medium (MEM, F12 medium, Hepes, N2 supplement and Glutamine, all from Life Technologies) by trituration through flame-narrowed Pasteur pipettes. The cell suspension then was plated at 1 × 10 5 cells/cm 2 (100,000 cells/mL) on uncoated Petri flasks (BD Falcon) in complete medium consisting of 200-300 ng/mL Shh (R&D Systems), 25 ng/mL FGF8b (R&D Systems), and 20 ng/mL basis FGF (bFGF; R&D Systems) in N2. The design of the experiments using Wnt3a and/or Wnt5a in neurospheres was as follows: First, neurospheres were cultured with or without Wnt3a (100-300 ng/mL) (R&D Systems) in N2 with Shh, FGF8, and bFGF. After 3 d, cells were collected, washed with Wnt vehicle (CHAPS 0.05%; Tamro), and plated at a density of 100,000 cells/mL without adding Wnts. After a second passage, cells were plated and differentiated with or without Wnt5a (100 ng/mL) (R&D Systems) (see scheme in Fig. 3A) . At day 9, cells were fixed in 4% (wt/vol) PFA and processed for immunocytochemistry as described below.
ES Cell Culture. mES R1cell cultures were cultured on gelatinized plates in KO-DMEM (Life Technologies) supplemented with 15% (vol/vol) Knockout serum replacement (SRM; Life Technologies), 2 mM L-glutamine (Life Technologies), 1% nonessential amino acids (VWR), 0.1 mM β-mercaptoethanol (Sigma), 1,000 U/mL leukemia inhibitory factor (ESGRO; Chemicon/Millipore), and 10,000 U/mL penicillin/streptomycin (Life Technologies). Stromal PA6 cells were cultured in α-minimum essential medium (Life Technologies) containing 10% (vol/vol) FBS (Life Technologies), 2 mM L-glutamine (Life Technologies), and 10,000 U/mL penicillin/streptomycin (Life Technologies) and were mitotically inactivated before use with 1 μg/mL mitomycin C (Roche) overnight at 37°C. All cell lines were maintained at 37°C, 5% CO 2 and 95% humidity. mES cells were plated at low density (100 cells/cm 2 ) on a confluent layer of PA6 cells in 24-well plates and were grown in SRM and Noggin (300 ng/mL; R&D Systems). At day 5, 200 ng/mL Shh and 25 ng/mL FGF8b were added to the medium. After 7 d, cultures were switched to N2 medium in the presence of Shh, FGF8, and FGF2 (10 ng/mL), with or without 100 ng/mL Wnt3a (R&D Systems). At day 9, Wnt3a was withdrawn, cells were washed with CHAPS for 1 h, and fresh medium was added. Two days later (on day 11) 100 ng/mL Wnt5a (R&D Systems) was added with fresh medium. Four conditions were tested: (a) control with no Wnt addition; (b) Wnt3a alone added at day 7 and then removed at day 9; (c) Wnt5a alone added from days 11-13; and (d) Wnt3a added at day 7, cells washed at day 9, and Wnt5a added from days 11-13. Shh, FGF8, bFGF, and Wnt5a were removed at day 13 from the conditions in which they had been added. Cultures then were differentiated until day 15 in N2 medium containing 0.2 mM ascorbic acid, 20 ng/mL BDNF (R&D Systems), and 10 ng/mL glial cell-derived neurotrophic factor (GDNF; R&D Systems). At day 15 cells were fixed in 4% PFA and processed for immunocytochemistry as described below.
Immunocytochemistry. PFA-fixed cells were washed in PBS and blocked in 5% (vol/vol) normal goat serum/PBS for 1 h at room temperature. Primary antibodies were diluted in PBS (pH 7.4), 0.3% Triton X-100, and 1% (wt/vol) BSA, and incubations were carried out overnight at 4°C. After washes, incubations with the appropriate Alexa-conjugated secondary antibodies (1:500; Life Technologies) were carried out for 2 h at room temperature. The following antibodies were used: mouse monoclonal anti-β-tubulin III (TuJ1) (1:1,000; Promega), rabbit polyclonal anti-TH (1:500; Pel-Freeze) or mouse monoclonal anti-TH (1:500; Sigma or 1:400; Immunostar), rabbit polyclonal anti-Nurr1 (1:250; Santa Cruz), rabbit polyclonal anti-Pitx3 (1:50; Invitrogen), rabbit polyclonal anti-Lmx1a (1:500; a gift from M. German), and rabbit polyclonal anti-Foxa2 (1:500; Cell Signaling Technology). Wnt Signaling. SN4741 cells were transfected with 500 ng SuperTOP-FLASH/ SuperFOP-FLASH and 50 ng of Renilla-expressing vector pRL-TK Luc (Promega) using Superfect (Qiagen) according to the manufacturer's instructions. Twelve hours after transfection, cells were stimulated with 50-100 ng/mL recombinant Wnt3a (R&D Systems) and/or 50-500ng/mL Wnt1 (Preprotech) for 24 h. Reporter activity was measured using the Dual-Luciferase Reporter assay (Promega). Each experiment was repeated three times, and each experimental condition was measured in duplicate. Background luminescence (signal from lysis buffer without any cells) was subtracted from each sample. Luciferase activity of SuperTOP/FOP-FLASH was normalized to Renilla luciferase signal.
Sample preparation, Western blot analysis, and signal detection was performed as previously described (61) . Primary antibodies used were rabbit polyclonal anti-Phospho-LRP5/6 (1:1,000; Cell Signaling), mouse monoclonal anti-β-actin (1:5,000; BD Transduction Laboratories), and mouse monoclonal anti-active β-catenin (1:1,000; Millipore). HRP-conjugated anti-mouse and anti-rabbit secondary antibodies, A7282 and A6667 respectively, were purchased from Sigma, and were used at 1:5,000.
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